Current understanding of flood response is deficient concerning the variation of flood generation at different spatial scales as a function of spatial and temporal variations in storm rainfall. This study therefore investigates the relationship between rainfall spatial variability and flood response through a multi-scale nested experiment. Hydrological data from an extensive network in the Eden catchment, UK, were collected for a range of flood events over varying scales from 1.1 km 2 to 2,286 km 2 . The data were analysed to show the spatial scale dependency of flood peak and lag time.
INTRODUCTION
A major concern in the reliability of flood forecasting models is the accuracy of the rainfall input (Beven ) .
Rainfall is the primary input to most hydrological systems, and a key issue for hydrological science and practice is to assess the importance of the spatial structure of rainfall and its representation for flood runoff generation (Segond Watershed (GCEW) in Mississippi are related, on average, by the power law (Equation (1)). It was also observed that a and k changed from event to event. This discovery showed for the first time that spatial power laws in peak discharge are present in a real catchment on an event-by-event basis (Furey & Gupta ) . Furey & Gupta () also found, on analysis of 148 events in the GCEW, that α and k change because of corresponding changes in depth, duration and spatial variability of excess rainfall (that is, rainfall that is not held on the land surface or infiltrates into the soil). However, the scale of this catchment is relatively small and event data on peak discharge scaling from the hillslope to the larger catchment scale are limited.
Ayalew et al. () extended the analysis to the Iowa
River basin (32,000 km 2 ) for a range of flood events and noted that the temporal and spatial structure of the rainfall affects the scaling structure of the flood peak. The paper focused on five orders of magnitude of area and large scale storm events. A limitation of the research was that it analysed only flood events which resulted from basin-wide rainfall events and omitted partial rainfall coverage events
(rainfall values were determined using radar data). There is a further need to investigate flood peak scaling relationships in different climatic regions and landscapes, considering all storm types and rainfall coverages.
A key question is how spatial variability in rainfall affects the flow response at the catchment scale (Bell & Moore ) . This relationship may be important for flood warning procedures operated in real-time or may form a key role in the design and planning of flood defence measures (Bell & Moore ) . Addressing the question requires high quality rainfall data as well as an understanding of rainfall processes over different scales. 
Data analysis
The aim of the analysis was to examine the downstream high density of peaks. All of the storms were the result of depressions crossing the Eden catchment and most were similar in size. The largest storm rainfall occurred on 5th
December but the largest flood discharge occurred on 11th
December. This shows how the build-up of saturated antecedent soil conditions before the 11th December storm, as a result of three previous storms, caused proportionally increased runoff and a larger flood. However, the intensity of these storms was less and the time gap between events was longer compared with Event 2 (Figure 3 ).
Event 5 resulted from a series of storms which occurred over 3 days ( Figure 6 ). These events were localised in certain parts of the catchment, notably the north-east and the central-south. The events resulted in localised flooding;
however, the peak discharge at Temple Sowerby was not as extreme as in the winter events. Owing to the localised nature of these floods, the return period of the flood peak at Temple Sowerby was similar to the mean annual flood. Table 2 ). faster. Other factors, such as catchment antecedent conditions, also have an overall effect on runoff generation and thence flood peak timing. Nevertheless, the location of the most intense rainfall in a convective storm will always be the critical factor in flood peak timing.
Figure 7 displays a single convective storm event (Event 6).
The spatial extent of the most intense rainfall is smaller than the Kirkby Stephen catchment, at around 25% of the area. It is possible that the storm was larger, covering an area to the east, outside the Kirkby Stephen catchment. Again, though, the raingauge network was not dense enough to capture the full spatial variability of this storm. The rainfall intensity peaked at around 23.7 mm in 1 hour (Outhgill raingauge).
The shape of the Kirkby Stephen catchment did not entirely coincide with the storm, with little rain recorded in the south.
Lag time
The importance of lag time can be judged from a compari-
son of lag times for the Kirkby Stephen and Great
Musgrave stations in Table 3 (Table 3) . As the Kirkby Stephen catchment is long and thin, the location of a convective storm within the catchment is crucial. This storm was close to the outlet and therefore the lag time was short.
Scaling trends in the catchment

Scaling of catchment runoff peak values
The hypothesis (and well-established theory) is tested that peak runoff declines relative to the high production zone The overall rate of decline is least for Event 3 (fitted exponent k ¼ À0.14), reflecting the heavy rain across both upland and lowland. The downstream stations were affected by major discharges from Lake District rivers joining below Temple Sowerby (Figure 1 ), resulting in a small increase in runoff as area increases. During both peaks of Event 2 exponents are higher, probably owing to the favourable antecedent conditions caused by a small amount of snow melt and frozen ground at the beginning of the storm followed by the further wetting up of the ground. In all cases, the data points indicate a rate of decline that is less in the upland headwaters, to a scale of around 20-30 km 2 , than in the main stem of the larger catchments. This suggests a relatively uniform runoff generation throughout the main production area and the area of highest rainfall (which coincide). As catchment area increases, incorporating more lowlands, the distance between runoff production zones and the river system increases and rainfall totals decrease. Runoff then declines at a more rapid rate. Given that peak runoff is simply peak discharge normalised by area, the area scaling of peak discharge is the inverse of the runoff scaling. The resulting individual storm patterns are therefore explained in the same way as for the runoff and the scaling relationship exponents are closely related. The peak discharge scaling is presented, however, as it provides a different context, it allows direct comparison with previous studies (e.g., related to Equation (1) of the catchment contribute significantly to the discharge, plus major inputs from Lake District rivers joining below Temple Sowerby. By contrast, the summer event (Event 5) has a relatively low exponent (0.68), i.e., a lower rate of downstream increase in peak discharge, corresponding to the more patchy spatial input of rainfall and perhaps also to a lower effective rainfall arising from the higher soil moisture deficits of the summer period. Figure Figure 11 (comparing Event 6 peak discharge data with a winter baseflow) can be generalised into two simple models of flood peak and base flow scaling (Figure 12(a) ).
For a large synoptic scale storm, affecting the whole of the catchment, flood peak discharge increases more or less uniformly with area across all areas, following a power law relationship (Figure 12(a) ). Possibly the exponent is higher The dense raingauge network in the Eden highlights the importance of the spatial variability of a storm on the resulting flood peak. However, both studies found that initial soil moisture conditions play a paramount role in mediating the response.
CONCLUSIONS
The dense hydrometric network of the upper Eden catchment has allowed an unusually detailed study of the relationship between rainfall spatial variability and flood response as a function of catchment scale across four orders of magnitude of area (1-1,000 km 2 ) and for a range of storm events.
1. Detailed rainfall maps contrast the patterns of synoptic winter storms and convective summer storms.
2. For the winter events, flood peak discharge increases in the downstream direction but at a lesser rate than catchment area. Consequently, peak runoff decreases 
